In light of the great soil wall sizes of solar green houses and the low land utilization rate of solar greenhouses in China, this paper carries out a temperature field experiment in a solar greenhouse in order to understand the distribution of temperature field in the greenhouses in Central Hebei region. On the basis of the experiment, this paper establishes a numerical model of the temperature field in the solar greenhouse using the CFD software, and optimizes the wall structure of the greenhouse by the numerical simulation of different heights and thicknesses. The results can provide technical reference for the construction of new-type energy-saving solar greenhouses.
INTRODUCTION
As a unique type of greenhouse in China, the solar greenhouse has the advantages of low cost, simple construction process, good thermal insulation performance and high production efficiency, so it is widely used in some underdeveloped areas. Unfortunately, in most cases, the builders construct these greenhouses based on experience. They blindly pursue the effect of insulation, which results in excessively thick and tall back walls and serious waste of land resources and further leads to lower production efficiency. In order to simplify the greenhouse walls, researchers have conducted a great number of studies on the heat storage characteristics and size of the the solar greenhouse wall. Li et al. [1] proposed the method to determine the thickness of the thermal storage layer of the greenhouse wall; Peng et al. [2] believed that there exists an "effective heat accumulation layer" in the wall; He Fen et al. [3] believed that the wall surface temperature does not vary greatly in the vertical direction, but fluctuates much in the thickness direction; Xu et al. [4] proposed that the 370mm thick brick wall directly coated with polystyrene insulation boards has a good thermal insulation effect; Yang et al. [5] suggested that the optimal thickness of the wall is 1.0m in Yangling, Shaanxi, 1.3m in Baiyin, Gansu, 1.5m in Yinchuan, Ningxia and 1.4m in Tacheng, Xinjiang; Tong [6] simulated the change of temperature in a temperature room by software, and the results were consistent with the field measured values; Zhang et al. [7] established a sunken greenhouse cob wall model and carried out the threedimensional unsteady simulation, and the results accorded with the reality.
At present, solar greenhouses with soil walls are widely used in Central Hebei region, but wall sizes are quite irrational, and few research has been done on the rational thickness of such walls in Central Hebei region. This paper uses the Ansys CFD software to simulate the temperature field of the greenhouse and in this way optimize the wall thickness. The optimization results are of great significance to the actual construction of solar greenhouses.
TEMPERATURE FIELD EXPERIMENT

Experimental equipment layout
The experiment was conducted in a sunken solar greenhouse at a vegetable base in Wangdu County (115.12°e,38.72°n) of Hebei Province, with an excavation depth of 0.9m, a planting area span of 10m, and a length of 86m. The back wall is built of soil, where the section shape is trapezoidal. The bottom thickness is 6.5m, and the top thickness is 1.5m. Based on the interior floor, the wall is calculated to be 4.0m tall, and the ridge is at a height of 4.8m. The roof was covered with a layer of plastic film for thermal insulation the day before the experiment and also a blanket on the previous night. Temperature sensors were placed in the walls at 16 points (K1, K2, K3 ... K16) from outside to inside, 2.0m above the ground. Measured from the outside, K1, K2, K3 ... K16 was located at a horizontal depth of 0.25m, 0.5m, 0.75m, ......, 3.75m and 4.0m, with the spacing being 0.25m. All the sensors in the greenhouse were arranged at 1/2 of the longitudinal length of the greenhouse. K18 was located in the indoor ground, and K19, K20, K21, K22, K23 and K24 are respectively 0.5m, 1.5m, 4.0m, 0.5m, 2.0m and 4.2m above the ground. The greenhouse section model and the layout of the temperature measuring points are shown in Fig.1 . The temperature experiment was conducted using the Toprie TP-9000 multi-channel temperature recorder, as shown in Fig.2 . The sampling period was 35 days (from December 17, 2017 to January 20, 2018), and the data sampling interval was 20min. The interior of the greenhouse is shown in Fig.3 . 
Experimental results
Through the temperature field experiment in the greenhouse, the temperature distributions of different measuring points in the wall on the coldest day (January 6, 2018) and the hottest day (December 20, 2017) were obtained, as shown in Fig.4 . The daily average temperature distributions of different measuring points in the wall are shown in Fig.5 .
As can be seen from Fig.4 -a, on the coldest day, the temperature on the outer side of the wall (at measuring point K1) ranged between 0.4 ℃ to 1.9 ℃, and that on the inner side of the wall (at measuring point K16) ranged between 14.5 ℃ to 15.9 ℃. In Fig.4 -b, on the hottest day, the temperature on the outer side of the wall (at measuring point K1) ranged between 0.5 ℃ to 2 ℃; and that on the inner side ranged between, 15 ℃ to 19.8 ℃. The temperatures on December 20 were higher than those on January 6, because on the hottest experiment day, the solar radiation was strong and the inner side of the wall received more heat. The outer side of the wall, due to the lack of solar radiation, experienced less heat exchange and naturally had small temperature differences. As can be seen from Fig.5 , the overall temperature inside the wall body (from outside to inside) showed an upward trend, with the highest temperature in the wall being at the depth of 0.75m (at measuring point K14). This was because on the coldest day, with the solar radiation being relatively weak, cold air intruded K15 and K16 in the wall, leading to continuous release of the heat. From Fig.5-b , it can be seen that K16 in the wall had the highest daily average temperature, because the solar radiation was strong on December 20, making the wall absorb more heat and leading to high temperatures at K15 and K16. On the coldest day (January 6) and the hottest day (December 20) in the greenhouse, the temperature trends of the measuring point at a depth of 0.5m (K19) are shown in Fig.6 , and the temperature trends of the measuring points at different heights (K18, K19, K20 and K21) in the greenhouse are shown in Fig.7 .
According to the measured temperature data, it is concluded that the minimum temperature in the greenhouse in one day usually appears between 6:00 and 7:00. The lowest temperature was 6.7 ℃ on January 6 and 9 ℃ on December 20. The reason for this is that the coldest time in the winter of North China is before sunrise, and the greenhouse wall, after a night of exothermic activity, contained very little heat, and in addition, there was still no solar radiation at this moment. Between 7:00 to 8:00, the insulation layer was uncovered, and the greenhouse began to receive solar radiation, causing the temperature to rise from 8:00. Between 8:00 and 14:00, due to the increasing solar radiation intensity, the indoor temperature increased rapidly, and reached the maximum at 14:00. The maximum temperature was 10.4℃ on January 6 and 27.5 ℃ on December 20. At 14:00, the solar radiation intensity was the strongest of the whole day, and the greenhouse was directly exposed to the sunlight, so the temperature reached the peak at this moment. After 14:00, the outdoor temperature began to decline, and with the solar radiation intensity gradually weakening, the temperature in the greenhouse also decreased. On December 20, the external temperature was higher and the solar radiation stronger, while on January 6, the temperature became lower and the solar radiation weaker, so the temperature at K19 on December 20 was higher than that on January 6, indicating that the temperature in the greenhouse is affected by the external temperature. It can be concluded from Fig.7 that the temperature of the ground (K18) in the greenhouse is more stable, because the soil has thermal stability, and when the ambient temperature is low, the ground temperature can still be maintained at a higher level through the exothermic activity within the soil.
NUMERICAL SIMULATION OF THE TEMPERATURE FIELD
Numerical modelling of the temperature field
Chen [8] concluded in his paper that in order to ensure that the back wall can be fully exposed to the sunlight and improve its heat storage, the elevation angle of the back roof should be at least greater than the incidence angle of the sunlight at noon in the local winter solstice, which is generally maintained between the 35°45°. Therefore, in this study, the elevation angle of the back roof should be 45°. The greenhouse used in this experiment is far larger in the longitudinal direction than in the span direction, and the heat release from the east-west gable wall took up only 4.7% of the total release from the greenhouse enclosure structure, so the influence of the eastwest gable wall on the temperature was ignored in the simulation. In addition, the influence of the physiological activity of the crops on the temperature is ignored, too [9] .
Considering the required temperature for normal plant growth and by reference to the above literatures, this paper uses Ansys CFD (Computational Fluid Dynamics) to perform three-dimensional numerical analysis of the temperature field in the solar greenhouse, and establishes a three-dimensional mesh model for the greenhouse structure, as shown in Fig.8 . Because of the temperature differences in the enclosure structure, the solar greenhouse gas will form natural convection exchange. The buoyancy caused by the temperature difference is treated under the Boussinesq hypothesis. On the basis of the finite volume method, the standard k-ε turbulence model, energy balance equations, DO (discrete coordinate radiation) model, SIMPLE algorithm and segregated solver for low frequency domain are widely used in the engineering field to solve the transient calculation. The thermal analysis of the solar greenhouse wall follows the first law of thermodynamics, that is, the conservation of energy in a closed system (no mass inflow or outflow), expressed in equation (1):
where: QS is the heat transferred, in J; W is the work, in J;
△U is the internal energy of the system, in J;
△KE is the kinetic energy of the system, in J; △PE is the potential energy of the system, in J. For most engineering heat transfer problems: △KE=△PE=0;
Usually it is deemed that there is no work, i.e. W=0, so QS=△U; for steady-state heat transfer analysis: QS=△U=0. The heat that flows into the system equals the heat flowing out.
Boundary conditions
According to the measured temperature data in the field, the variation of outdoor temperature was similar to that of the 24h harmonic wave. Using the software MATLAB to fit the data of the outdoor temperature by Fourier, we have the formula of outdoor air temperature variation as follows:
T0=2728-2416*cos0.2914τ+6.65*sin0.2914τ-0.0422*cos0.583τ+2392*sin0.593τ (2) where: τ represents the time of the day. Generally the effective air temperature is used as the external radiation temperature, to reflect the impact of the air radiation background on the heat transfer. The calculation formula for the external radiation temperature is as follows:
According to the literature [10] [11] [12] [13] , the convective heat transfer coefficient of the inner surface of the enclosure structure and gas is selected. The physical parameters of the enclosure structure in the model are shown in Table 1 . This paper then establishes a CFD model of the greenhouse with the experimental size and compares the simulated temperature and the actual one at measuring point K19 on January 6, as shown in Fig.9 . As can be seen, the simulated results are in good agreement with the measured values, which shows that the theoretical three-dimensional space CFD model of solar greenhouse is correct and reasonable. The causes of the error include the physiological activity of plants and the difference between the model and the actual situation. The original greenhouse wall size (an upper thickness of 1.5m and a lower thickness of 6.5m) is too large. Although such a wall can achieve thermal storage, it causes a serious waste of land resources and affects the production efficiency. With the aid of the CFD numerical analysis software, this paper numerically analyzes the walls with different bottom thicknesses (B=5.0m, B=4.5m, B=4.0m, B=3.5m, B=3.0m and B=2.5m) when the wall height is H=4.0m and the upper thickness is b=1.5m, and obtains the surface diurnal temperature changes in the half span of the greenhouse, as shown in Fig.10 .
Analysis of numerical simulation results
Numerical analysis of the temperature field in the greenhouse with different wall thicknesses
As can be seen from Fig.10 , when B=2.5m, the insulation effect is the worst. At 8:00, the temperature is as low as 8.8 ℃, because the 2.5m wall is too thin to accumulate enough heat for the 80m-long greenhouse. When B=3.0m, the wall still cannot achieve a good insulation effect. The minimum temperature in the greenhouse is around sunrise time (7:00~8:00). When B=5.0m, the minimum temperature is 10.39 ℃; when B=4.5m, it is 10.35 ℃; when B=4.0, it is 10.31℃; and when B=3.5m, it is 10.21 ℃. The lowest temperature is 9.08 ℃ and 9.01 ℃, when the bottom thickness is 3.0m and 2.5m respectively. It can be seen that when the wall thickness increases, the insulation effect gets better, but thisupward trend also becomes slower -the lowest temperature when B=5.0 is only 0.18 ⁰C higher than that when B=3.5m. At this point, the temperature changes basically consistently with the external temperature. From 8:00~9:00 when theinsulation layer is uncovered, the temperature begins to rise, and between 13:00~14:00, the temperature becomes higher. After the sunset, the roof cover is insulated before the greenhouse, and the wall began to release heat, so the temperature here is always maintained at 10 ℃ or above.
By CFD numerical analysis of different wall sizes, the diurnal temperature variation 1m above the surface of the greenhouse is obtained as shown in Fig.11 . Figure 11 . Temperature variation 1m above the surface As can be seen from Fig.11 , the overall temperature 1m from the surface is lower than the temperature of the surface, because of the surface heat, and the slow air flow on the surface. When B=2.5m, the thermal insulation effect is the worst, wth the lowest temperature here being as low as 6.5℃. When B=3.5m, B=4.0m, B=4.5m and B=5.0m, the insulation effects of the wall differ little and the temperatures can all be maintained at a high level, which are 14.86℃, 14.68 ℃, 14.65 ℃ and 14.31 ℃, respectively. The daily temperature change in this part is in line with the actual situation Through the CFD numerical analysis of different wall sizes, the diurnal temperature variation 2m above the surface of the greenhouse is obtained, as shown in Fig.12 . As can be seen from Fig.12 , the overall temperature 2m above the surface is lower than that 1m above the surface, because it is far from the surface heat source, and close to the open air. Although the insulation can achieve heat preservation to some extent, the thermal conductivity of the insulation is not 0, so there is still some loss of heat. When B=2.5m, as the wall is too thin to accumulate enough heat, the heat preservation effect at this time is still the worst. When b=3.0m, the lowest temperature here is 4.91 ℃, lower than those in other wall models (except in the model where B=2.5m). When B=3.5m, B=4.0m, B=4.5m and B=5.0m, the heat preservation effect is good, with the maximum temperature being 14.66℃ when B=5.0m. The daily temperature change is basically in line with the actual situation.
Through the CFD numerical analysis of different wall sizes, the diurnal temperature variation 3m above the surface of the greenhouse is obtained, as shown in Fig.13 . Figure 13 . Temperature variation 3m above the surface As can be seen from Fig.13 , the temperature is affected by the external temperature -the temperature in the greenhouse 3m from the surface of the ground is below those at other heights. When B=2.5m, the temperature is 4.29℃, with the worse heat preservation effect; when B=3.0m, temperature is the second lowest. The insulation effects of the walls with the other sizes do not differ much. As it is far from the planting area, the low temperature here has little effect on the whole greenhouse.
Through the CFD numerical analysis of different wall sizes, the lowest temperatures of the walls with different thicknesses and heights are listed in the Table 2 . It can be concluded from Table 2 that the minimum temperatures of the various models decrease with the increasing elevation from the surface. This is because when the wall experiences exothermic activities at night, the surface soil also releases heat, and the greater the distance from the outdoor environment, the more active the heat exchange with the outside. Since the crops grown in the greenhouse are not very tall, the minimum temperature at a height of 2m and 3m above the surface has little effect on the crops. It can be seen from the table that the minimum temperature on the surface is 10.39 ℃ when B=5.0m and it is 10.21 ℃ when B=3.5m, only 0.18 ℃ lower that the former, which satisfies the requirement for the growth of most crop roots. At a height of 1m from the surface, the minimum temperature of each model (except when B=2.5m) is above 7 ℃, which also satisfies the requirement for the growth of most crops.
Through the CFD numerical analysis, it can be concluded that when B=3.5m, B=4.0m, B=4.5m and B=5.0m, the heat preservation effects of the greenhouse model are basically the same, so it is obvious that reducing the bottom thickness of the wall does not affect the insulation effect, and that at the same time it can save land resources and improve agricultural production efficiency.
Numerical analysis of the temperature field in the greenhouse with different wall heights
An excessively large height of the greenhouse back wall will directly affect the land utilization rate. In the CFD numerical analysis, the upper thickness b=1.5m, the bottom thickness b=3.5m and the wall heights are respectively H=2.5m, H=3.0m, H=3.5m, H=4.0m, H=4.0m and H=4.5m. The surface diurnal temperature changes in the half span of the greenhouse are obtained as shown in Fig.14.   Figure 14 . Temperature variation at the ground level As can be seen from Fig.14, when H=2 .0m, the heat preservation effect is poor, but the minimum temperature is still 9.88℃, because the wall has enough thickness to accumulate some heat and maintain the temperature inside the greenhouse at a high level. When H=4.5m, the minimum temperature in the greenhouse is 10.33 ℃, only 0.45 ℃ higher than that at H=2.0m. The minimum temperatures of the other four models are 10 ℃, 10.07 ℃, 10.19 ℃ and 10.31 ℃, respectively. With the increase in the wall height, the minimum temperature also increases accordingly, but the upward trend is relatively flatter, because the wall itself has a certain thickness (B=3.5m) to accumulate heat. After the greenhouse is covered with the insulation layer, the wall body can release enough heat to maintain the temperature inside the greenhouse. The highest temperature here is between 13:00~14:00, which is in line with the actual situation.
Through the CFD numerical analysis of different wall sizes, the diurnal temperature variation at a height of 1m above the surface in the half span of the greenhouse is obtained, as shown in Fig.15 . As can be seen from Fig.15 , the minimum temperatures of the wall models are 6.53 ℃, 6.6 ℃, 7 ℃, 7.19 ℃, 7.29 ℃ and 7.3 ℃, respectively, and the minimum temperature increases with the increasing height of the wall body. The minimum temperatures at H=4.5m and H=4.0m have a difference of only 0.01 ℃, indicating that they are almost equal. This shows an excessively great wall height does not improve the insulation effect of the greenhouse too much. With the wall size increases, the temperature inside the greenhouse rises more slowly. After the insulation is uncovered at 9:00, the temperature begins to rise, and at 14:00, it reaches the peak of the day. The daily temperature changes are in line with the actual situation. Through the CFD numerical analysis of different wall sizes, the diurnal temperature variation at a height of 2m above the ground in the half span of the greenhouse is obtained, as shown in Fig.16 .
As can be seen from Fig.16 , the minimum temperatures of the wall models are 5.2 ℃, 5.3 ℃, 5.63 ℃, 5.96 ℃, 6.61 ℃ and 6.65 ℃. With the increase of the wall height, the minimum temperature also increases, but being far away from the area of crops, the low temperature has little effect on their growth. After the insulation is uncovered at 9:00, the temperature begins to rise, and at 14:00, it reaches the peak of the day. The daily temperature changes are in line with the actual situation.
Through the CFD numerical analysis of different wall sizes, the diurnal temperature variation at a height of 3m above the ground in the half span of the greenhouse is obtained, as shown in Fig.17 . Through the CFD numerical analysis of different wall sizes, the minimum temperatures of the walls with different heights at different heights above the ground is obtained, as shown in Table 3 . As can be found in Table 3 , the minimum temperatures of the greenhouse models with different wall sizes decrease with the increasing elevation from the ground. This is because when the wall experiences exothermic activities at night, the surface soil also releases heat, and the greater the distance from the outdoor environment, the more active the heat exchange with the outside. This is consistent with the previous numerical simulation results. Since the crops grown in the greenhouse are not very tall, the minimum temperature at a height of 2m and 3m above the surface has little effect on the crops. It can be seen from the table that the minimum temperature of the ground is 9.88 ℃ when H=2.0m. Though the temperature is the lowest for all models, it still can satisfy the requirement for the growth of most crop roots. When H=4.5m, the minimum temperature of the ground is 10.33 ℃, only 0.45 ℃ higher than that at H=2.0m, which is not obvious. This temperature range can meet the requirement for the growth of most crops.
Through the CFD numerical analysis, it can be concluded that the heat preservation effects of the greenhouse models with different wall heights are not very different, so it is obvious that reducing the height of the wall does not affect the insulation effect much, and at the same time it can save land resources and improve agricultural production efficiency.
CONCLUSION
(1) Through the greenhouse temperature experiment, it can be concluded that the inner wall temperature of the greenhouse is affected by the external temperature. When the solar radiation maintains a certain intensity, the soil wall can absorb the heat, and keep the wall temperature at a high level.
(2) Based on the research data, it can be concluded that the greenhouse temperature near the canopy is low, due to the heat exchange with the outside, and away from the ground and wall heat sources. When the height of the back wall is reduced, the insulation effect is better than the original size (4m), because with the decreasing height of the greenhouse ridge, the heat dissipation rate slows down, making the overall temperature in the greenhouse higher.
(3) When the wall thickness is increased to a certain extent, continue to increase the thickness will not increase the indoor temperature greatly, but will make more land waste. According to the experiment and the CFD theoretical analysis, it is suggested that the optimal size of the back wall in a solar greenhouse be as follows: H=2.5m (height), B=3.5m (bottom thickness) and b=1.5m (upper thickness).
